Device and Method for Performing 
Electrical Impedance Tomography 

Related Applications 

The present application claims the benefit of priority to Applicant's co- 
pending U.S. Patent Provisional Patent Application Serial No. 60/457,667, filed 
on March 25, 2003. 

Background 

Vascular access presents one of the major problems affecting the 
success of hemodialysis treatment. Currently, vascular access failure is a major 
cause of morbidity for hemodialysis patients. Graft access thrombosis occurs in 
60% of patients within one year and more than 30% of all grafts fail within 18 
months after placement. Vascular access complications are the major cause of 
morbidity in the hemodialysis population, accounting for more than 15% of 
hospitalizations. 

To maximize the longevity of a vascular access, Kidney Disease 
Outcomes Quality Initiative, i.e., K/DOQI, practice guidelines suggest an 
aggressive policy for monitoring vascular access patency for the purpose of 
extending the life of a monitoring access and minimizing thrombosis. 
Conventional devices diagnose the presence of pathology by measuring 
parameters, such as access flow and access recirculation. These conventional 
devices may employ a variety of techniques, for instance ultrasound dilution 
techniques. However, these devices and methods provide only indirect evidence 
of the access site and of the degree of access pathology. 

One technique for monitoring a vascular access is referred to as 
ultrasound Doppler imaging. The ultrasound Doppler imaging technique 
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provides an image of the access flow, which provides different information than 
the dilution method. However, a major problem of the ultrasound Doppler 
imaging technique is operator error. For instance, this technique requires that 
measurements be taken at the same location of a patient at different times. 
There is significant difficulty in identifying the same location of the patient when a 
subsequent measurement is taken. Computerized X-ray tomography ("X-ray CT") 
is another technique for monitoring a vascular access to provide an image of an 
access area. However, both the ultrasound Doppler imaging technique and X-ray 
CT are expensive methods which cannot be routinely used in clinical practice. 
Further, these imaging techniques cannot continuously monitor a vascular 
access during hemodialysis. 

Another technique for monitoring a vascular access is electrical 
impedance tomography. Electrical impedance tomography provides an image 
based on a distribution of conductivity in a cross sectional area. Since organs 
and fluid volume, such as blood, have very different conductivity, and since 
particularly vascular grafts have a relative lower conductivity than blood vessels 
in the arm, vascular grafts can be easily identified by electrical impedance 
tomography. Moreover, a dynamic image of a vascular access can be obtained 
by electrical impedance tomography. 

One advantage of electrical impedance tomography is the ability to 
continuously measure changes in blood flow in the regional area with much 
lower cost, easy operation and portability. For instance, relative to other 
techniques, e.g., X-ray CT and positron emission tomography, electrical 
impedance tomography is significantly less expensive to perform and smaller in 
size. In addition, electrical impedance tomography is non-invasive, and employs 
a very weak electrical current on the skin, e.g., 0.25-5 mA. Furthermore, because 
electrical impedance tomography may produce many, e.g., thousands, of images 
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per second, electrical impedance tomography may be employed to measure and 
monitor a vascular access continuously. 

One problem that is experienced with electrical impedance tomography is 
that, because electric current flow in the body does not progress in straight lines 
but rather tends to spread out in all directions, electrical impedance tomography 
provides low spatial resolution. In addition, electrical impedance tomography 
does not consist merely of information relating to a measurement plane, e.g., a 
plane of conductivity distribution at which a measurement is taken, but also 
includes significant contributions of information from outside the measurement 
plane. 

One method that may be employed in order to improve the resolution of 
an image in a cross-sectional area, e.g., the cross-sectional area of a vascular 
access, is to increase in the number of electrodes in the same area. However, a 
large number of electrodes positioned on a limited circular surface, e.g., an inner 
circumference of a vascular access, will reduce the distance between adjacent 
electrodes. As a result, there may be significant errors in the measurements 
provided by the electrodes because of the effect of skin impedance on the 
measurements. This is especially problematic for the purpose of three 
dimensional imaging, which in conventional systems employs numerous 
electrodes in close proximity relative to each other. Errors of individual electrode 
location and the connecting interface between electrode and skin are major 
sources of measurement error that significantly reduce the resolution of an 
image generated by electrical impedance tomography. 

Currently, there are two major models which are used to generate, e.g., 
reconstruct, an image. A first model that can be used to reconstruct an image is 
referred to as "the forward problem". In the first model, there is provided a 
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resistivity distribution with a boundary current and voltage, and there is 
calculated the internal current and voltage distribution. To provide a solution to 
the forward problem, the first model employs a Finite Element Method ("FEM") 
algorithm that is used to reconstruct the image. 

A second model that can be used to reconstruct an image is referred to as 
the Inverse problem'. In the second model, there is provided the boundary 
current and voltage and an internal resistivity distribution is calculated. To 
provide a solution to the inverse problem, the second model employs a back 
projection algorithm to calculate the resistivity distribution. 

Summary of the Invention 

The present invention, in accordance with various embodiments thereof, 
relates to a system for performing electrical impedance tomography. The system 
includes a first set of electrodes positioned in a first plane and a second set of 
electrodes positioned in a second plane. The system also includes a third set of 
electrodes positioned in a third plane between the first and second planes. The 
third set of electrodes is rotatable around an axis intersecting the third plane. In 
one embodiment, the first, second and third sets of electrodes are mounted on 
upper and lower portions of an imaging device, the upper and lower portions 
being separable so as to enable a patient's body part to be positioned between 
the upper and lower portions and a vascular image of the body part to be 
obtained. 

The system may include a current source configured to inject current 
between at least one electrode of the first set of electrodes and at least one 
electrode of the second set of electrodes. The current source may also be 
configured to inject current between a first electrode of the third set of electrodes 
and a second electrode of the third set of electrodes. In this embodiment, the 
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system also includes one or more switches that are configured to selectively 
connect each one of the electrodes of the first set of electrodes to each one of 
the electrodes of the second set of electrodes. In addition, the system may 
include one or more switches that are configured to selectively connect one 
electrode of the third set of electrodes to the other electrodes of the third set of 
electrodes. A processor is configured to control the selective connection of the 
electrodes via the switches. 

The system may also include a voltage measurement device configured to 
measure voltage between a first electrode of the third set of electrodes and a 
second, third, etc., electrode of the third set of electrodes. In this embodiment, 
one or more switches are employed to selectively connect a first electrode of the 
third set of electrodes and the other electrodes of the third set of electrodes to 
the voltage measurement device. A processor may be employed to control 
these switches. The voltage measurement device my be an amplifier. 

In one embodiment, the third set of electrodes is supported by an 
electrode supporting unit which is configured to be rotatable within a housing. 
The electrode supporting unit may include a first biasing element for biasing the 
electrodes radially inward and a second biasing element for biasing the 
electrodes radially outward. In addition, the electrode may include a storage 
container for conductive gel, the electrode being configured such that gel stored 
in the storage container is expelled when the electrode is biased radially inward 
in contact with the skin of a patient. A processor may be employed to process 
the voltage measurements taken by the voltage measurement device and to 
generate a current density distribution in the third plane corresponding to the 
voltage measurements. The processor may also be configured to generate an 
image corresponding to the current density distribution in the third plane, the 
image having an improved resolution compared to conventional electrical 
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impedance tomography systems. 

Furthermore, in one embodiment, the third set of electrodes is moveable 
in an axial direction between the first and second planes to various other planes, 
e.g., a fourth plane, a fifth plane, etc. The processor is further configured to 
process the voltage measurements taken by the voltage measurement device so 
as to generate a current density distribution in the various other planes. In 
addition, the processor is further configured to generate a three-dimensional 
image corresponding to the current density distribution between the first and 
second planes. 

Brief Description of Drawings 

Figure 1 illustrates schematically an imaging system, in accordance with 
one embodiment of the present invention. 

Figure 2(a) illustrates an electrode arrangement for the third set of 
electrodes, according to one embodiment of the present invention. 

Figure 2(b) is a cross-sectional view that illustrates the electrode 
arrangement of Figure 2(a), taken along line 2(b)-2(b). 

Figures 3(a) and 3(b) illustrate an electrode supporting unit for the third 
set of electrodes, according to one embodiment of the present invention, Figure 
3(a) being a cross-sectional view that illustrates the electrode supporting unit of 
Figure 3(b), taken along line 3(a)-3(a). 

Figures 4(a) and 4(b) illustrate an imaging device, according to one 
embodiment of the present invention. 
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Figure 5 is a cross-sectional view that illustrates an electrode, according 
to one embodiment of the present invention. 

Figure 6 is a schematic diagram that illustrates the circuit of the electrical 
impedance tomography imaging system, in accordance with one embodiment of 
the present invention. 

Fig. 7 is a flowchart that illustrates the steps performed by an algorithm of 
the processor, according to one embodiment of the present invention. 

Detailed Description 

Figure 1 illustrates schematically an imaging system 10, in accordance 
with one embodiment of the present invention. The imaging system 10 is 
configured to provide an image corresponding to the conductivity distribution of a 
region 12, e.g., a vascular access. As shown in Figure 1, the imaging system 10 
provides electrodes 14 positioned in a plurality of planes 16 that intersect the 
region 12. For instance, the imaging system 10 may provide a first set of 
electrodes 14a that are located in a first current injection plane 16a. In addition, 
the imaging system 10 may provide a second set of electrodes 14b that are 
located in a second current injection plane 16a. The imaging system 10 may 
also provide a third set of electrodes 14c that are located in a measurement 
plane 16c, the measurement plane 16c being located in between the first and 
second current injection planes 16a, 16b. The electrodes 14a, 14b, 14c in the 
three different planes 16a, 16b, 16c are connected to each other by, and are 
controlled by, a control system 18, additional features of which are set forth in 
greater detail below. 

The imaging system 10 is configured such that the third set of electrodes 
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14c are moveable within the measurement plane 16c. Specifically, the third set 
of electrodes 14c may be rotatable within the measurement plane 16c around a 
central axis 20 that is perpendicular to the measurement plane 1 6c. In addition, 
the imaging system 10 is configured such that the third set of electrodes 14c that 
are located in a measurement plane 16c are moveable relative to the first and 
second sets of electrodes 14a, 14b. Specifically, the third set of electrodes 14c 
may be moveable in an axial, e.g., perpendicular to the measurement plane 16c, 
relative to the first and second sets of electrodes 14a, 14b. 

Figure 2(a) illustrates a measurement electrode arrangement 100 for the 
third set of electrodes 14c, according to one embodiment of the present 
invention. Figure 2(b) is a cross-sectional view that illustrates the measurement 
electrode arrangement 100 of Figure 2(a), taken along line 2(b)-2(b). The 
measurement electrode arrangement 100 includes a housing 102 that is formed 
of an upper housing portion 102a and a lower housing portion 102b. Rotatably 
mounted within the housing 102 is an electrode supporting unit 104, additional 
details of which are set forth below. The electrode supporting unit 104 is 
configured to support the third set of electrodes 14c. The electrode supporting 
unit 104 is caused to rotate within the housing 102 by a driving arrangement 106. 
According to one embodiment, the driving arrangement 106 includes first, 
second and third driving bands 106a, 106b, 106c that are driven by a motor 
106d. The driving arrangement 106, and particularly one or more of the driving 
bands 106a, 106b, 106c, is configured to engage the electrode supporting unit 
104, and upon actuation of the motor 106d, to cause the electrode supporting 
ring 104 to rotate relative to the housing 102. While Figure 2 illustrates a driving 
arrangement 106 that includes the driving bands 106a, 106b, 106c and a motor 
106d, any driving arrangement that is capable of rotating the electrode 
supporting ring 104 relative to the housing 102 may be employed. The housing 
102 may also include a pair of gears 108, the purpose of which is set forth in 



8 



greater detail below. 

Figures 3(a) and 3(b) illustrate the electrode supporting unit 104 for the 
third set of electrodes 14c, according to one embodiment of the present 
invention. Figure 3(a) is a cross-sectional view that illustrates the electrode 
supporting unit 104 of Figure 3(b), taken along line 3(a)-3(a). The electrode 
supporting ring 104 includes an outer ring 1 10 and an inner ring 1 12. Mounted 
on and supported by the inner ring are the third set of electrodes 14c. The inner 
ring 1 12 is configured to be radially adjustable. Specifically, located between the 
outer ring 110 and the inner ring 1 12 are a first biasing element 1 14 and a 
second biasing element 116. The first biasing element 1 14 is configured to bias 
the inner ring 112 towards the outer ring 110, e.g., such that the inner ring is 
moved radially outward. According to one embodiment, the first biasing element 
is a spring. The second biasing element 1 16 is configured to bias the inner ring 
112 away from the outer ring 1 10, e.g., such that the inner ring is moved radially 
inward. According to one embodiment, the second biasing element 1 16 is a 
series of inflatable balloons or the like. 

Figures 4(a) and 4(b) illustrate an imaging device 200, according to one 
embodiment of the present invention. Specifically, the imaging device 200 is a 
device for implementing the imaging system 10 as set forth more fully above. 
Figure 4(a) illustrates an upper portion 200a of the imaging device 200, while 
Figure 4(b) illustrates a lower portion 200b of the imaging device 200. The upper 
portion 200a and the lower portion 200b are advantageously configured to be 
combined so as to form the entire imaging device 200. When combined, the 
upper and lower portions 200a, 200b of the imaging device 200 are positioned 
relative to each other such that the electrodes 14a of the upper portion 200a are 
aligned with the electrodes 14a of the lower portion, such that all of the 
electrodes 14a are positioned within a single plane, e.g., the first current injection 
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plane 16a. Likewise, when combined, the upper and lower portions 200a, 200b 
of the imaging device 200 are positioned relative to each other such that the 
electrodes 14b of the upper portion 200a are aligned with the electrodes 14b of 
the lower portion, such that all of the electrodes 14b are positioned within a 
single plane, e.g., the second current injection plane 16b. In addition, when 
combined, the upper housing portion 102a of the housing 102 is connected to 
the lower housing portion 102b of the housing 102, such that the electrodes 14c 
of the upper housing portion 102a are aligned with and positioned within a single 
plane, e.g., the measurement plane 16b, relative to the electrodes 14c of the 
lower housing portion 102b. 

Figures 4(a) and 4(b) also illustrate additional features of the imaging 
device. For instance, each of the upper and lower portions 200a, 200b of the 
imaging device 200 have an axially extending slide bar 202 that engages a hole 
in the upper and lower housing portions 200a, 200b. In addition, each of the 
upper and lower portions 200a, 200b of the imaging device 200 have an axially 
extending gear arrangement 204 that engages one of the gears 108 of the 
housing 102. In operation, e.g., when the upper and lower housing portions 
1 02a, 1 02b are combined, the gear arrangements 204 cause the respective 
upper and lower housing portions 102a, 102b to move axially along the slide 
bars 202, such that the entire housing 102 moves axially along the imaging 
device 200. While Figures 4(a) and 4(b) illustrate a gear arrangement 204 for 
axially moving the upper and lower housing portions 102a, 102b, any moving or 
driving arrangement that is capable of moving the upper and lower housing 
portions 102a, 102b relative to the first and second current injection planes 16a, 
16b may be employed. 

Figure 5 is a cross-sectional view that illustrates an electrode, e.g., 
electrodes 14a, 14b, 14c, according to one embodiment of the present invention. 
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The electrodes 14 maybe comprised of AgCI. The electrodes 14 may also 
include a gel storage container 230 for storing conductive gel. The gel stored 
within the gel storage container 230 is squeezed or otherwise expelled by the 
second biasing element, e.g., the balloon, along a small channel 232 to , e.g., 
the skin of a patient. According to this embodiment, the electrodes 14 are 
configured to obtain lower electrode-skin contact impedance as compared to 
conventional electrodes. 

Figure 6 is a schematic diagram that illustrates a control circuit 1 8 of the 
electrical impedance tomography imaging system 10, in accordance with one 
embodiment of the present invention. The three sets of electrodes 14a, 14b, 14c 
are connected to a current source 300 that provides a multi-frequency current 
under the control of a processor 302, e.g., a computer. The processor 302 is 
configured to control the various components of the control circuit 1 8 in 
accordance with a predetermined algorithm, set forth in further detail below. The 
first set of electrodes 14a includes electrodes A1 to A8 each of which is 
selectively connected to the current source 300 by switch Ka. Likewise, the 
second set of electrodes 14b includes electrodes C1 to C8, each of which is 
selectively connected to the current source 300 by switch Kc. In this manner, 
switches Ka and Kc are employed to change the pairs of electrode via which 
current is injected. In addition, the third set of electrodes 14c includes electrodes 
B1 to B8, each pair of electrodes having two electrodes, e.g., electrode B11, 
B12, etc., positioned therebetween. The electrodes B1 to B8 are connected to 
switches Kb1 and Kb2, which selectively connect these electrodes to an amplifier 
304 for measuring the voltage across the selected electrodes. The 
measurement of the voltage is controlled by a plus detector 306, which controls a 
switch Kv for transmitting the voltage measurements to the processor 302. 

In operation, the imaging device 200 is positioned such that a patient's 
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body part, e.g., an arm having a vascular access, is disposed in a generally axial 
direction intersecting the three planes 16a, 16b, 16c and within the three sets or 
rings of electrodes, 14a, 14b, 14c. In the embodiment shown in Figure 4, the 
patient's body part may be positioned in the lower portion 200b of the imaging 
device 200, and the upper portion 200b may then be placed onto the lower 
portion 200b such that the respective sets of electrodes are aligned relative to 
each other. The processor 302, in accordance with a predetermined algorithm, 
selectively operates the switches Ka and Kb so that multi-frequency current is 
injected via a first electrode of the first set of electrodes 14a and a first electrode 
of the second set of electrodes 14b. The processor 302 may continue to 
selectively operate the switches Ka and Kb in accordance with the 
predetermined algorithm so that multi-frequency current is injected via the other 
electrodes of the first set of electrodes 14a and the other electrodes of the 
second set of electrodes 14b. 

In addition, the processor 302, in accordance with the predetermined 
algorithm, selectively operates the switches Kb1 and Kb2 so as to measure 
voltage between a first electrode, e.g., B1, of the third set of electrodes 14c and 
a second electrode, e.g., B2, of the third set of electrodes 14c. The processor 
302 may continue to selectively operate the switches Kb1 and Kb2 in 
accordance with the predetermined algorithm so as to measure voltage between 
the other electrodes of the third set of electrodes 14c. After an initial voltage 
measurement has been performed, the electrode supporting unit 104 that 
supports the third set of electrodes 14c is caused to rotate. Specifically, the 
processor 302 is configured to send signals to the driving arrangement 106 of 
the housing 102 in order to operate the driving arrangement 106 and cause the 
rotation of the electrode supporting unit 104. In the embodiment shown, wherein 
the third set of electrodes 14c includes 24 electrodes, the processor 302 may be 
configured to rotate the electrode supporting unit 104 by 15 degrees, although 
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other amounts of rotation may be performed. Once rotated, the processor 302 
may, in accordance with the predetermined algorithm, selectively operate the 
switches Kb1 and Kb2 so as to measure voltage between an electrode, e.g., 
B11, of the third set of electrodes 14c and another electrode, e.g., B81, of the 
third set of electrodes 14c. The processor 302 may continue to selectively 
operate the switches Kb1 and Kb2 in accordance with the predetermined 
algorithm so as to measure voltage between other electrodes of the third set of 
electrodes 14c. The electrode supporting unit 104 that supports the third set of 
electrodes 14c may then be rotated again so as to continue performing voltage 
measurements between the respective electrodes until, for instance, a total of 24 
position voltages are measured across the third set of electrodes 14c. 
Advantageously, since a blood volume may have a high conductance compared 
to other body tissues, the voltage is measured using a signal synchronized with 
the R wave of an electrocardiogram, e.g., a tall wave in the QRS complex of an 
electrocardiogram. In this manner, each voltage measurement is made in the 
same hemodynamic condition, with or without blood in the blood vessel, and thus 
improves the estimation of resistivity distribution. 

According to one embodiment, the processor 302 is configured to process 
the various voltage measurements taken by the voltage measurement device so 
as to generate a current density distribution in the third plane 16c, as set forth 
more fully below. Furthermore, the processor 302 may be further configured to 
generate an image corresponding to the current density distribution in the third 
plane 16c. The image generated by the processor 302 provides An improved 
resolution that enables an operator to more accurately and reliably monitor the 
vascular access. 

Contact impedance between the electrodes and a patient's skin is an 
important factor which may affect the measurement of internal resistivity. 
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Specifically, if one or more of the electrodes 14 are not fully in contact with the 
skin of a patient during a voltage measurement, the voltage measurement may 
be erroneous. The present invention insures that the electrodes 14 are fully in 
contact with the skin of the patient. For instance, when a voltage measurement 
is to be taken, the processor 302 is configured to expand the second biasing 
elements 116, e.g., the balloons, so as to cause the electrodes 14 to fully contact 
the skin of the patient. To insure that the electrodes are fully in contact with the 
skin, a pressure in the balloon may be measured and may be increased or 
decreased as necessary. If the processor 302 determines that the individual 
pressure of a balloon is outside of a predetermined pressure range — and 
therefore that the electrode 14 which is moved by that balloon is not fully in 
contact with the skin - an alerting mechanism, e.g., a visual indicator, an audible 
alarm, etc., may be employed to alert the operator before the voltage 
measurement is taken. When the electrode supporting unit 104 is required to be 
moved or rotated, the balloons maybe deflated sufficiently such that the first 
biasing element 114, e.g., the spring, may overcome the force exerted by the 
balloon, thereby moving the electrodes 14 away from the skin of the patient. 
Once the electrode supporting ring 104 is rotated and in a next desired position, 
the balloons may be pressurized again so as to bring the electrodes into full 
contact with the skin again. 

The above-described method provides a current density distribution at a 
specific plane between the first and second current injection planes 14a and 14b. 
In this manner, a two-dimensional image may be generated based upon the 
voltage measurements obtained via the third set of electrodes 14c at the 
measurement plane 16c. In order to generate a three-dimensional image 
between the first and second current injection planes 14a and 14b, the electrode 
supporting unit 104 that includes the third set of electrodes 14c may be moved to 
various different positions between the first and second current injection planes 



14 



14a and 14b. At each of the various positions, a current density distribution may 
be obtained according to the above-described method. Once a current density 
distribution has been obtained at a plurality of locations between the first and 
second current injection planes 14a and 14b, the processor 302 may generate a 
three-dimensional image corresponding thereto. 

Fig. 7 is a flowchart that illustrates the steps performed by an algorithm of 
the processor 302, according to one embodiment of the present invention to 
generate an image corresponding to a conductivity distribution. Generally, an 
initial resistivity is measured, unlike conventional electrical impedance 
tomography algorithms which typically merely employ an informed guess of th 
initial resistivity. After the initial resistivity is measured, a Newton-Raphson 
algorithm is performed to calculate distribution of resistivity. The Newton- 
Raphson algorithm is described in detail in J.G. Webster, ED, Electrical 
Impedance Tomography, Bristol, MA: Adam Hilger, 1990, which is incorporated 
herein fully by reference. 

More specifically, at step 401, the processor 302 calculates a uniform 
distribution resistivity. For instance, in the measurement plane 16c, the resistivity 
in the same plane (p^) is calculated by the measurement of the voltage between 
any two electrodes of the measurement plane 16c when current is injected from 
any two electrodes of current injecting planes 14a, 14b. A cycle may be 
performed such that measurements are made corresponding to each of the, e.g., 
eight electrodes, so as to form a uniform current density when current electrodes 
are in the same side as measuring electrodes. It also produces a non-uniform 
current density when the current electrodes are positioned on opposite sides of 
measuring electrodes. More specifically, when current is injected by electrodes, 
e.g., electrodes A1 and B1, the voltage measured between, e.g., electrodes C1 
and C2, is expected to be similar to the voltage measured between, e.g., 
electrodes C8 and C1, if the resistivity in the measurement plane 14c is 
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homogenous. Therefore, by using electrodes in the two current injecting planes, 
e.g., planes 14a, 14b, that are in the same relative position, for instance, 
electrode A1 and electrode B1, electrode A2 and electrode B2, etc., through 
electrode A8 and electrode B8, a uniform distribution resistivity can be obtained. 
When changing the order of electrode pairs so as to not use electrodes in the 
same relative position, such as electrode A1 from the first currenting injecting 
plane 14a and electrode B8 from the second current injecting plane 14b, the 
current distribution in the measurement plane 14c may be different to the current 
distribution when electrodes in the same relative position, e.g., electrodes A1 
and B1, are used. In this manner, the imaging system 10 of the present 
invention, in accordance with one embodiment, may provide more detailed 
information concerning the resistivity in the measurement area while increasing 
the number of independent components to calculate a particular resistivity 
distribution, thereby improving the resolution of the image generated thereby. 

According to the back-projection method mentioned above, the uniform 
resistivity can be calculated by 



where R(p u ) is the uniform resistivity represented by resistance (R), B is the 
weighting matrix and V and I are the voltage and current on the surface. 

At step 402, a filtered back-projection algorithm is used to calculate initial 
resistivity distribution as follows: 



R(p u )=B(V/l) 



Eq. 1 



Ap=(S T S)- 1 S T (V 0 -V m ) 



Eq.2 



P =Pu+ Ap 



Eq. 3 
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where S is sensitivity matrix, V 0 -V m are voltage at calculation and measurement 
on the skin surface. The sensitivity matrix S can be generally written as 



S u = J V<D • VWv 



Eq. 4 



element 



where VO and V+* are the current distribution and the potential field, respectively. 
Using Equations 1 and 3, the initial resistivity is calculated for step 402 to 
generate or reconstruct the electrical impedance tomography image. 

At steps 403 to 406, the processor 302 employs the Newton-Raphson 
algorithm. According to the Newton-Raphson algorithm, there is found a 
minimal error (e(p)) between a measured voltage and a calculated voltage from 
the internal resistivity distribution by the following equation: 



where f (p) is the estimation of voltage according to resistivity distribution and the 
Jocobian matrix given by the following equation: 



As previously set forth above, three-dimensional electrical impedance 
tomography is obtained by moving the measurement plane 16c to various 
different axial locations, and by performing the same two-dimensional processing 
as set forth above at each of the different axial locations. Continuous monitoring 
of the patient may be performed using a multi-frequency, back-projection 
algorithm based on the processing performed above in accordance with step 



e(P)=[f'(P)] T [f(pr)-V 0 )=0 



Eq. 5 



[f(P)]«=af/apj. 



Eq. 6 
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401. 



The imaging system 10 of the present invention provides a device, e.g., 
imaging device 200, that may be employed in a clinical environment for 
continuously monitoring the vascular access of a patient. As previously set forth, 
the inside of a patient's body has a complex distribution of conductivity, such that 
current passes into the body nonlinearly in a measured plane, e.g., the 
measurement plane 16c. Additionally, the density of current in the body 
decreases with the increase in the distance between the points of injection of 
current and the measurement of voltage. The present invention addresses the 
problems that result from these phenomenon by producing a homogenous 
electrical current density in the axial direction between the first and second 
current injecting planes 14a, 14b. Since biological tissue has an inhomogeneous 
conductivity distribution, in the measurement plane, a difference in the measured 
voltage between each two adjacent electrodes provide an indication that the 
distribution of conductivity is in fact due to the different components of body 
composition. 

While conventional electrical impedance tomography systems suggest an 
increase in the number of points of measurement in order to try to improve the 
resolution of the generated image, the number of electrodes that may be 
employed in an electrical impedance tomography system is limited by the 
circumference of a patient's limb or body part to be measured. Furthermore, the 
greater the number of electrodes that are used, the smaller the area that can be 
measured by the electrode and the smaller the distance between adjacent 
electrodes, both of which are factors that are known to significantly increase the 
voltage measurement error. The present invention, on the other hand, provides 
a system whereby a third set of electrodes 14c in the measurement plane 16c 
may be rotated between measurements, enabling fewer electrodes to be 
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employed and thereby improving the accuracy of the voltage measurements 
taken and the resolution of the image generated therefrom. 

Furthermore, while there are various patents and articles which propose 
methods by which three-dimensional electrical impedance tomography may be 
performed, each of the described methods provides for three or more sets of 
electrodes in three or more measurement planes, wherein each of the sets of 
electrodes are positioned in close proximity relative to each other. The large 
number of electrodes positioned in close proximity to each other causes additional 
measurements errors. The present invention, on the other hand, provides a system 
and method for generating a three-dimensional electrical impedance tomography 
image, whereby a single set of electrodes, e.g., the third set of electrodes 14c, is 
moveable between the first and second current injecting planes 1 4a, 14b. Thus, the 
system of the present invention decreases the number of electrodes that are 
required to be employed in the space between the first and second current injecting 
planes 14a, 14b, thereby improving the accuracy of the measurements taken and 
the resolution of the three-dimensional image generated therefrom. Still another 
advantage of the system and method of the present invention is that, by virtue of the 
first and second biasing elements, full contact between the electrodes and the skin 
of a patient may be insured, thereby further improving the accuracy of the 
measurements taken and the resolution of the image generated therefrom. 

Thus, the system and method of the present invention, by measuring and 
monitoring a vascular access in a hemodialysis patient for the purpose of 
generating an image of the vascular access, enables a determination at an early 
stage when, e.g., a thrombosis, of the vascular access has occurred. In addition, 
the present invention may also be employed to measure and monitor vessels in 
other body parts, e.g., a portion of a leg such as a calf, to determine whether 
there exists a venous thrombosis - a common clinical problem experienced by 
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patients. Still further, the system and method of the present invention may be 
employed for detecting stiffness of blood vessels of atherosclerotic plagues, or 
may be employed to generate an image of a patient's chest if sized 
appropriately. 

Thus, the several aforementioned objects and advantages of the present 
invention are most effectively attained. Those skilled in the art will appreciate 
that numerous modifications of the exemplary embodiment described 
hereinabove may be made without departing from the spirit and scope of the 
invention. Although a single exemplary embodiment of the present invention has 
been described and disclosed in detail herein, it should be understood that this 
invention is in no sense limited thereby and that its scope is to be determined by 
that of the appended claims. 
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